The suitability of 4 theoretical distributions (normal, lognormal, negative binomial, and gamma) to predict the observed distribution of ochratoxin A (OTA) in green coffee was investigated. One symmetrical and 3 positively skewed theoretical distributions were each fitted to 25 empirical distributions of OTA test results for green coffee beans. Parameters of each theoretical distribution were calculated by using Methods of Moments. The 3 skewed theoretical distributions provided acceptable fits to each of the 25 observed distributions. Because of its simplicity, the lognormal distribution was selected to model OTA test results for green coffee. Using variance equations determined in previous studies, mathematical expressions were developed to calculate the parameters of the log normal distribution for a given OTA lot concentration and test procedure. Observed acceptance probabilities were compared to an operating characteristic curve predicted from the lognormal distribution, and all 25 observed acceptance probabilities were found to lie within the 95% confidence band associated with the predicted operating characteristic curve. The parameters of compound gamma distribution were used to calculate the fraction of OTA contamination beans within a contaminated lot. The percent-contaminated beans were a function of the lot concentration and increased with lot concentration. At a lot concentration of 5 µg/kg, approximately 6 beans per 10 000 beans are contaminated.
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E valuation of the conformance of a green coffee lot to an acceptance limit is usually based upon the results of an ochratoxin A (OTA) sampling plan, which is defined by an OTA test procedure combined with a sample acceptance limit (1, 2) . A test procedure consists of sampling, sample preparation, and analytical steps. The sample acceptance limit, C a , is a threshold concentration that may or may not be equal to the regulatory guideline, C g .
The true mycotoxin concentration, C, in a lot is unknown in practice. The true but unknown lot concentration is estimated by quantitating the target mycotoxin in a test sample (called a sample test result) that is collected in a random manner from the lot. The sample test result, , is then used either as an estimate of the true lot concentration C or to make a decision as to the acceptability of the lot for food and feed purposes. The values of will differ from C for a specified lot because of the variability associated with the test procedure, i.e., sampling, sample preparation, and analytical variances. Discrepancies between the sample and lot concentration values lead to misclassification of lots.
Two types of errors are usually made when a sampling plan is used to classify a determined lot based upon its mycotoxin concentration. The first type of misclassification, a false positive, occurs when > C a (acceptance limit) and the lot is rejected when, in reality, C ≤ C g (concentration guideline) and the lot is acceptable. This type of misclassification is also called seller's risk because a good lot is diverted from the food chain at an unnecessary expense to the seller. The second type of misclassification, a false negative, occurs when ≤ C a and the lot is accepted when, in reality, C > C g and the lot is not acceptable. When the unacceptable lot is not detected, the lot enters the food chain and becomes a potential risk to the consumer. This type of misclassification is also called buyer's risk because a bad lot is processed into a consumer-ready product and may have to be diverted from the food chain at an expense to the buyer. The frequency with which these 2 misclassifications occur depends upon C a , C g, and the design of the sampling plan and can be evaluated with the help of an operating characteristics (OC) curve.
If the probability of accepting a lot with an OTA concentration C by a given sampling plan is P(C), then the plot of the acceptance probability, P(C), versus the lot concentration, C, is called an OC curve. The shape of an OC curve is shown in Figure 1 and can be used to estimate the buyer's and seller's risks associated with a given OTA sampling plan. The shape of an OC curve is uniquely defined by a given OTA test procedure where sample size, degree of comminution, subsample size, analytical method, and acceptance limit are designated as well as the probability distribution of the mycotoxin in the lot. A desirable sampling plan design would minimize both the buyer's and seller's risks.
To compute an OC curve for a given OTA sampling plan, the expected distribution of sample test results must either be measured or adequately described by a theoretical distribution. When the observed distribution of mycotoxin test results is modeled, a theoretical distribution should accurately describe the observed OTA distribution of sample test results for a specific OTA test procedure over a wide range of lot concentrations. The theoretical distribution should be derived from parameters that are easily computed from experimental data and should apply to practical situations.
Several theoretical distributions such as the negative binomial (3, 4) , compound gamma (5, 6) , and lognormal (7) have been studied as possible models to simulate the observed distribution of mycotoxins test results. Most of the studies on distributions of mycotoxins have been done on aflatoxin in peanuts (4, 8) , cottonseed (9), pistachio (10), and corn (11). These studies have demonstrated that the aflatoxin distribution among contaminated sample test results taken from contaminated lots were positively skewed (>50% of the sample test results occur below the true lot concentration); the range between minimum and maximum sample test results is large, indicating a large variance associated with the aflatoxin test procedure; the range between minimum and maximum sample test results increases as aflatoxin concentration increases, suggesting that the variance among sample test results is a function of the mycotoxin concentration; and the distribution of sample test results becomes less skewed and more like a normal distribution as the lot concentration increases (4) . Several skewed distributions such as the negative binomial, compound gamma, and lognormal distributions have been recommended to develop OC curves that evaluate the performance of sampling plans for granular products such as peanuts (12) and corn (11). The normal distribution has been recommended to develop OC curves for more homogeneous products such as peanut butter (13) .
The objectives of this study were to (1) compare several theoretical distributions to observed OTA distributions of sample test results and find a suitability theoretical distribution to simulate observed distributions of OTA test results in green coffee; and (2) demonstrate how the theoretical distribution can be used to compute an OC curve and predict the risks of misclassifying lots for a given OTA sampling plan.
Experimental

Theoretical Distribution
Four theoretical distributions--normal, lognormal, negative binomial, and compound gamma--were chosen as possible models to simulate the distribution of OTA sample test results taken from a contaminated lot of green coffee. The suitability of the above theoretical distributions to accurately simulate the distribution of other mycotoxin test results in other commodities has been investigated (4-6). These theoretical distributions, except for the normal, are positively skewed and have characteristics similar to observed distributions of mycotoxin test results. Experimental results suggest that the theoretical distribution should allow for a high probability of small sample values and a small probability of high sample values to occur when replicated samples are taken from a contaminated lot. Each theoretical distribution was compared to 25 observed OTA distributions, where each observed distribution consisted of 16 OTA sample test results. The predicted OTA distribution of sample test results was calculated from a theoretical distribution using distribution parameters computed from the 16 sample test results. 
Observed Distribution
The observed OTA distribution of sample test results was developed from a previous study (14) that measured the variability of the test procedure used to measure OTA in green coffee beans. A bulk sample (16 kg) was taken from each of the 25 lots of green coffee contaminated with OTA. Each bulk sample was thoroughly blended and divided in a sample divider purchased from the U.S. Department of Agriculture to obtain 16 test samples, 1 kg each. Each 1 kg test sample of coffee beans was packed, put into a plastic bag, sealed, and kept under -15°C until grinding.
The 16 test samples were comminuted through a Romer RAS-type mill (Marconi 920/CF, Piracicaba, São Paulo, Brazil) and a subsample of 25 g (<20 mesh) was taken from every test sample, extracted with methanol/sodium bicarbonate, cleaned up onto the immunoaffinity column, and quantitated by liquid chromatography (LC) with fluorescence detection. This OTA test procedure provided 16 OTA sample test results from each of the 25 contaminated lots, or 25 observed distributions with 16 OTA test results each. The observed cumulative distribution was constructed by ranking the 16 OTA test results for a given lot from high to low. The highest OTA value was assigned a cumulative probability of 1.0. The next to highest OTA value was assigned a cumulative probability of 1.0 -1/16 or 0.9375. The cumulative probability associated with each smaller OTA value was reduced by 1/16 or 0.0625. The cumulative probability associated with the smallest OTA value was 1/16 or 0.0625.
Parameter Estimation Methods
Parameters of the 4 theoretical distributions were estimated by using the Method of Moments technique (5, 15) , which provides a direct and uncomplicated method of estimating the parameters of each theoretical distribution. Parameters of each theoretical distribution are estimated directly or indirectly from the measured mean, C, and variance, s 2 , among the 16 replicated OTA sample test results (Table 1 ) associated with each contaminated lot (14) .
Goodness of Fit
The Power Divergence (PD) test statistic, which is a conservative modification of the Chi Square goodness-of-fit (GOF) test, was selected as the criterion to evaluate the GOF between the theoretical and observed distributions (16) . The PD statistics were calculated by dividing the range of the OTA sample test results into intervals, m, based on the fitted distributions and counting the number of observations that fell into each interval:
The fit between the theoretical and observed distributions was considered acceptable if the test statistic did not exceed the 95% critical value. The test statistics were converted to a GOF probability where, the lower the GOF probability, the better the fit. Giesbrecht and Whitaker (5) recommended the use of PD statistics (Equation 1) with γ = 2/3 because of its reasonable power against a broad range of alternatives.
Results and Discussion
The 16 OTA sample test results for each of the 25 lot distributions are shown in Table 1 . For each lot, the 16 OTA sample test results were ranked from low to high to show the range (minimum-maximum) among sample test results. The mean, median, and variance among the 16 OTA sample test results are also shown. For a given lot, if the distribution among the 16 OTA sample test results is skewed, the median should be less than the mean. Table 1 shows that, for most of the 25 lots, the median was less than the mean, especially for lots with the lower OTA concentration. This is consistent with studies of distributions among sample test results of other mycotoxins and other commodities (4) . As the lot concentration increases, a greater percentage of beans becomes contaminated and the distribution among sample test results becomes more symmetrical (4) .
Each theoretical distribution was fitted to each of the 25 observed distributions for a total of 100 comparisons. Figure 2 shows an example of fitting the 4 theoretical distributions to the observed distribution for Lot 7.
Using the PD statistic (Equation 1), a statistical GOF test was performed on each of the 100 fits to determine if the observed distribution could have been sampled from each specific theoretical distribution. Table 2 shows the 100 GOF probabilities associated with the 4 theoretical distributions and the 25 observed distributions. A probability <0.95 indicated an acceptable fit. A summary of the PD statistics for each theoretical distribution is shown at the bottom of Table 2 .
All theoretical distributions did a reasonably good job of fitting the 25 observed distributions. The number of times each theoretical distribution provided an acceptable fit to the 25 observed distributions of sample test results is shown at the bottom of Table 2 . The lognormal and the negative binomial distributions each had 23 acceptable fits, and the normal and gamma distributions each had 22 acceptable fits. All theoretical distributions, except for the lognormal, had trouble fitting lots 1 and 2, which had the lowest OTA concentrations. The fitting problem with both lots 1 and 2 was probably due to 16th sample test result (Table 1) being significantly different from the remaining sample values in each lot. Outlier theory was not used to remove sample test results that were significantly different from a neighbor.
The lognormal had the highest number of best fit followed by compound gamma, negative binomial, and normal distributions.
For a given lot, the best fit occurred for the theoretical distribution that had the lowest PD statistic. For example, although all 4 theoretical distributions provided acceptable fits to the observed distribution from lot 7 (all probabilities <0.95), the lognormal distribution provided the best fit with the lowest probability of 0.311.
The compound gamma had the lowest average GOF probability (0.515) across all 25 fits, followed by the lognormal (0.524), negative binomial (0.564), and normal (0.595) distributions. On the average, across a wide range of lot concentrations, the compound gamma fit all 25 observed distributions the best. Goodness-of-fit probabilities for the normal, 2-parameter lognormal, negative binomial, and compound  gamma across the 25 lots (100 fits Generally, all 3 skewed distributions (lognormal, compound gamma, and negative binomial) fit the 25 OTA observed distributions well, regardless of which way the PD statistic was used (most acceptable fits, most best fits, or lowest average GOF probability). Overall, the normal distribution provided the poorest fit. However, some of the skewed theoretical distributions modeled better in some categories than in others. The lognormal, besides the 11 best fits (Table 2) , had next to the lowest average GOF probability and highest number of best fits (lowest maximum of GOF probability) among the 25 lots ( Table 2 ). The lognormal distribution is easy to calculate, and a sample size term can be introduced into the lognormal equation. Therefore, the lognormal was used to develop a method to evaluate the performance of OTA sampling plans for coffee beans.
Examples of the lognormal fit to 4 lots with a wide range in OTA concentration are shown in Figure 3 .
Operating Characteristics Curve Figure 4 shows the observed and predicted acceptance probabilities (OC curve) associated with the OTA test procedure used in this study (1 kg sample, sample comminution in a Romer Ras-type mill, OTA extraction from 25 g comminuted subsample, cleaned up on immunoaffinity column, quantitation by LC) and an acceptance limit of 5 µg/kg. The observed acceptance probabilities for the sampling plan described above were computed for each lot in Table 1 by counting the number of sample test results ≤5.0 µg/kg and dividing by 16 (number of sample test results per lot). A total of 25 point estimates (1 per lot) of acceptance probabilities can be determined from Table 1 .
The predicted acceptance probabilities, P(C), associated with the sampling plan described above were computed by using the lognormal distribution. The parameters of the lognormal distribution were determined by the mean, C, and variance, S 2 (t) , relationship developed in a previous study (14) from data in Table 1 . .
where ns is sample size in kg, nss is the comminuted subsample size in g, and na is the number of aliquots quantitated. The predicted acceptance probabilities are plotted in Figure 4 along with the observed acceptance probabilities. By specifying lot concentration, C, the variance can be computed from Equation 2. The mean and variance parameters can then be used in the lognormal to determine the probability of obtaining a sample test result ≤5.0 µg/kg from a lot with concentration C. All observed acceptance probabilities lie within the 95% confidence band of P(C) ± 95% confidence interval (CI) computed from Equation 3 (6).
where t 0.05/25df is the T statistic equal to 2.060 for 95% confidence limits and 16 degrees of freedom (17) .
OTA Distribution Among Individual Coffee Beans
It is time consuming and costly to measure OTA distribution among individual coffee beans in a contaminated lot. Experimentally, it would require the measurement of the OTA concentration among many individual beans. However, the mean, median, variability, and distributional information among replicated samples taken from a contaminated lot can be used to describe some of the characteristics of the OTA distribution among individual coffee beans.
As mentioned earlier, the median is generally smaller than the mean for each of the 25 lots ( Table 1 ), suggesting that the OTA distribution among sample test results is positively skewed, which indicates that the OTA distribution among beans is also positively skewed.
Another important description describing the OTA distribution among individual beans is the proportion of contaminated beans in a contaminated lot. One parameter, λ, from the compound gamma distribution is related to the proportion of contaminated beans, p, in a lot (5, 6) .
where ns is the sample size in number of beans and the λ parameter is related to the OTA concentration, C, and variance, s 2 , among sample test results by Equation 5 ,
From a previous study (14) , the sampling variance among 16 replicated 1 kg samples of green coffee (Table 1) A plot of p versus C in Figure 5 shows that the proportion of contaminated beans increases with lot concentration, C. For example, it is estimated that 6 out of every 10 000 beans in a lot at 5 µg/kg are contaminated. The proportion increases to 20 contaminated beans per 10 000 beans at a lot concentration of 20 µg/kg. As the proportion of contaminated beans increases, the OTA distribution among individual beans (and sample test results) should become less skewed or more symmetrical (normal distribution; Figure 5 ).
Conclusions
In this study, 4 theoretical distributions were each compared with the 25 observed distributions. Parameters of the theoretical distributions were estimated from the 16 OTA sample test results associated with each observed distribution using the Method of Moments. The power divergence GOF test statistics was used to evaluate the suitability of each theoretical distribution to simulate each observed distribution of OTA sample test results. The lognormal was selected to model the sample OTA test results for green coffee, as it gave the best fit and the lowest GOF probability. Mathematical expressions were developed to calculate the parameters of the lognormal distribution for any sample size, comminuted subsample size, and number of aliquots analyzed for OTA. The lognormal was used to calculate an OC curve, which was compared to observed acceptance probabilities. All 25 observed acceptance probabilities were found to lie within the 95% confidence limit band around the predicted OC curve. Using parameters from the compound gamma distribution, the percentage of OTA-contaminated beans in contaminated lots was estimated and found to increase with lot concentration. 
